In Orchidaceae, association with symbiotic fungi is required for seed germination and seedling development, thereby being the main energy source during the first steps of germination. Colombia is one of the countries with the greatest biodiversity of orchids, with an estimated 3,200 species, but few studies on orchid mycorrhiza have been conducted. In our study, we isolated and sequenced the internal transcribed spacer rDNA region of fungi from two co-occurring Colombian epiphytic orchids, I. utricularioides and P. pusilla, both belonging to the subtribe Oncidiinae. All sequences were recognized as belonging to the genus Ceratobasidium, known to be a common orchid mycorrhizal fungus in both tropical and temperate orchids. One sequence was 100% similar to fungi isolated from I. utricularioides in Costa Rica in a previous study. I. utricularioides was confirmed to be a specialist, associating with only one clade of mycorrhizal fungi. However, P. pusilla was shown to be a generalist, associating with three clades. This finding indicates that the variation in mycorrhizal specificity could be an important factor in the co-existence of orchids. The high affinity between the subtribe Oncidiinae and Ceratobasidium was also reinforced.
Introduction
Orchidaceae represents the largest flowering plant family with more than 27,135 accepted species (The Plant List 2010), which represents roughly 10% of the diversity of the plant kingdom. Colombia has an estimated 3,500 orchid species (Dodson 2003) , representing >15% of global orchid species (Senghas 2001; Ortiz et al. 1994; Dressler 1993; Arditti 1992) . However, this number may well be considerably underestimated due to the lack of studies on this subject in the past 30 years (Dodson 2003) .
Regardless of their carbon nutrition during the adult stage, all orchids produce endosperm-lacking seeds and are dependent on orchid mycorrhizal (OM) fungi for germination and establishment of seedlings (Dearnaleyet al.2012) . The dependence on OM fungi may be conserved throughout the life-cycle of some orchids, while others may receive carbon by either CO 2 fixation or mycorrhizal transfer after establishing photosynthesis (Rasmussen & Rasmussen 2009 ). Thus, the availability of suitable mycorrhizal fungi able to germinate or to symbiotically associate with adult orchids is probably a key factor constraining the distribution of orchid species (Otero et al. 2007) .
Most orchid mycorrhizal fungi belong to the genus Rhizoctonia, a diverse polyphyletic group of pathogens, endophytes, saprophytes, and mycorrhizal fungi (Roberts 1999; Bayman & Otero 2006) . This group includes the anamorphic (asexual) genera Ceratorhiza, Epulorhiza, Moniliopsis, and Rhizoctonia (Moore 1987 ) of a variety of teleomorphs (sexual stages) of Ceratobasidium, Sebacina, Thanatephorus, and Tulasnella (Roberts 1999) . Because these fungi rarely produce sexual spores under culture conditions, this group has always posed a difficulty for taxonomists. The diversity of Rhizoctonia-forming fungi has usually been described with molecular methods, such as sequencing of the internal transcribed spacer (ITS) that is highly variable among groups (Otero et al. 2002; 2004; Sharon et al. 2008 ). This region is considered the universal barcode for fungal identification (Schochet al. 2012 ) and several oligonucleotides have been developed to address orchid mycorrhizal diversity (Taylor & McCormick 2008) .
Recent studies have researched tropical orchids in South and Central America (Otero et al. 2002; 2004; Pereira et al. 2005; Otero et al. 2007; Otero & Bayman 2009; Pereira et al. 2009; Valadares et al. 2012; Oliveira et al. 2014; Pereira et al. 2014) , but only one demonstrated ITS rDNA sequences from mycorrhizal fungi in Colombia (Mosquera et al. 2010; . In Ecuador, Suarez et al. (2006) isolated mycorrhizal fungi belonging to the genera Tulasnella and Sebacina. In Brazil, many clades of Tulasnella (Epulorhiza) have been found in several species (Pereira et al. 2005; Nogueira et al. 2014; and Ceratobasidium has also been detected in a recent study of Coppensia doniana (sin. Oncidium donianum) . When studying Ionopsis utricularioides and Tolumnia variegata in Puerto Rico, both epiphytic orchids belonging to the subtribe Oncidiinae, using both phylogeny studies and symbiotic germination assays, Otero et al. (2002; 2004) demonstrated variation in the mycorrhizal specificity between these plants and high preference of this subtribe for the genus Ceratobasidium. I. utricularioides showed more specialist association, while T. variegata was shown to be a less specific orchid, associating with different fungal clades.
As I. utricularioides in the Caribbean associate with specific mycorrhizal fungi, we expected I. utricularioides in our study to be specific to the same fungal clade. Moreover, we expected variation in the levels of mycorrhizal specificity between both studied species from Colombia, as occurred in the Caribbean. Therefore, we isolated and identified mycorrhizal fungi associated with two co-occurring Colombian epiphytic orchids, Psygmorchis pusilla and I. utricularioides, through molecular sequencing of the ITS ribosomal DNA, to investigated their degrees of mycorrhizal preferences and specificity.
Material and Methods

Sampling
Five individuals of I. utricularioides (Sw). Lindland and P. pusilla (L.) Dodson & Dressler were selected for this study. Sampling was carried out near Sabaletas River near the city of Buenaventura (3° 25' 00"N, 77° 03' 11"W), department of Valle del Cauca, along the Colombian Pacific coast. Plants were epiphytes on guava trees (Psidium guajava Linn.) and ornamental plants (such as Hybiscus rosa-sinensis Linn.). Young and healthy roots representing a part of the active root system were extracted with scissors and placed in paper bags. Samples were taken to the soil microbiology laboratory of the "Universidad Nacional de Colombia" in Palmira and were processed in less than one week.
Isolation
Isolation was carried out following Otero et al. (2002) . Roots were washed in distilled water and cut into 3 cm segments. These fragments were superficially disinfected by washing in 70% ethanol for 1 min and 4 min in 20% sodium hypochlorite solution (0.5% active chlorine), followed by five washings with sterilized water. Fragments were then placed in potato dextrose agar (PDA) medium with 1 mg/L of streptomycin powder. After three days of incubation, plates were observed under light microscopy with 400x amplification. Fungal cultures with 'rhizoctonia' characteristics were cultivated in PDA plates and PD (potato dextrose broth) for further DNA extraction.
ITS rDNA sequencing
DNA was extracted from cultured fungi using the Invisorb ® DNA plant mini kit following the instructions of the manufacturer. Oligonucleotide primers ITS1 (5'TC-CGTAGGTGAACCTGCGG) and ITS4 (5'TCCTCCGCT-TATTGATATGC) were used to amplify the ITS region of genomic DNA as described by White et al. (1990) . The reactions were performed in a MJ PTC-100 thermocycler and consisted of initial denaturing at 96 °C for 1 min, followed by 35 cycles of denaturing at 96 °C for 1 min, annealing at 52 °C for 30 s, and extension at 72 °C for 2 min. The PCR product was purified using a QIAQuick® purification kit prior to sequencing.
PCR products were sequenced in both directions using the ET dyenamic kit with the ABI3100 sequencer. A reaction was labeled using 2.0 μL of PCR product (60 ng of DNA), 2.0 μL of ETdye mix, 2.0 μL of "save money" buffer (200 mMTris-HCl, pH 9.0; 5 mM MgCl) , 2.0 μL of the primer ITS1 or ITS4 (5 pmol/μL), and 2 μL of Mili-Q water. PCR was then processed setting the annealing temperature to 50 °C.
Fungal Identification and phylogenetic analysis
A Blast search (www.ncbi.nlm.nih.gov/BLAST) was conducted using the BlastN (Altschul et al. 1990 ) algorithm on all the sequences to determine their closest known relatives and to confirm the ITS region of the nuclear rDNA was sequenced. Multiple sequences alignment was conducted with ClustalW and checked visually. The alignment parameters, gap opening, and gap extension penalties were both set from 0.1 to 10. All positions containing gaps and deletion data were eliminated from the dataset (complete deletion option). The evolutionary history was inferred using the minimum evolution method. The evolutionary distances were computed using the Kimura-2-parameter method. The minimum evolution tree was searched using the close-neighbor-interchange algorithm at a search level of 0. The neighbor-joining algorithm was used to generate the initial tree. The analysis involved 26 nucleotide sequences.
All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA 5 (Tamura et al. 2011) .
Results and discussion
We collected five individuals of the epiphytic orchids I. utricularioides and P. pusilla in the Valle del Cauca state, Colombia. We obtained 13 isolates from I. utricularioides and nine isolates from P. pusilla. Sequencing was successful in both directions and produced contigs with 540 to 667 base pairs. All the sequences showed high similarity (>97%) to the teleomorphic genus Ceratobasidium. The sequences from I. utricularioides belonged to one single clade, whereas sequences from P. pusilla grouped into three clades (Fig. 1) .
Some sequences obtained from I. utricularioides were 99 to 100% related to Ceratobasidium JTO232 (Genebank accession number DQ084013.1), also isolated from I. utricularioides in a previous study in Costa Rica (Otero et al. 2007) .
Ceratobasidium is one of the most common endophytes in temperate orchids and it has been vastly described in tropical orchids (Otero et al. 2002; Pereira et al. 2005; Otero et al. 2007; Valadares et al. 2012) . Species of Ceratobasidium are characterized by the presence of a non-sporulating anamorphic phase and binucleate or uninucleate hyphae (Roberts 1999; Oberwinkler et al. 2013) . From an ecological point of view, this genus includes saprophytic, symbiotic, and even parasitic lineages (Roberts 1999; Oberwinkler et al. 2013) .
The distribution and diversity of orchid species may largely depend on the specificity of their orchid mycorrhizal interactions and also on the distribution of the orchid Figure 1 : Phylogenetic tree of 19 isolates from the epiphytic orchids Ionopsis utricularioides and Psygmorchis pusilla isolated from Buenaventura, Valle del Cauca, Colombia. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the maximum composite likelihood method (Tamura et al.2011) and are in the units of the number of base substitutions per site. mycorrhizal fungi. An understanding of these obligate associations is of crucial importance for orchid ecology and conservation (Otero & Flanangan 2006) .
A species is specific for a given interaction if it interacts with a limited number of partner species (Thompson 1994) . It is useful to discuss specificity in a relative way comparing related species. In this sense, the concept "degrees of specificity" should be kept in mind. Thus, a species can be more or less specific than others in an ecologically comparable situation. However, specificity is less expected in ecological interactions because those individuals that are able to interact with many partners should have more choices than those that interact with a narrow range of partners (Timms & Read 1999; Otero et al. 2002) .
Our results showed that while both epiphytic orchids belong to the same subtribe (Oncidiinae), they vary in mycorrhizal preferences. Fungal phylogeny showed that in Colombia, as in other regions, I. utricularioides is more specific than other orchids from the same subtribe in its mycorrhizal relationships. The fact that I. utricularioides was found to be associated with only one mycorrhizal clade corroborates the previous work of Otero et al. with the same species (2002; 2007) . On the other hand, our data pointed to a less specific behavior of P. pusilla, as this species is associated with multiple Ceratobasidum lineages. Indeed, the specificity degree of P. pusilla is comparable to that observed in the other epiphytic tropical Oncidiinae, T. variegata and C. doniana in studies conducted in Puerto Rico (Oteroet al. 2002) and in Brazil , respectively.
The high specificity shown by I. utricularioides may not be due to limited availability of suitable partners (Perkins & McGee 1995) . Its co-occurring orchid, P. pusilla was associated to three different clades of fungi from the same genus, suggesting that Ceratobasidium lineages are widespread at that site. Moreover, sequence similarity of fungi isolated from I. utricularioides with a sequence from Costa Rica (JTO232) shows that the association of I. utricularioides with this specific fungal lineages is a common phenomenon in the investigated regions.
High mycorrhizal specificity suggests that fungi could play a role in orchid speciation and diversification (Rasmussen 1995; Taylor et al. 2002) . Here, we have identified two mycorrhizal specificity patterns: 1) I. utricularioides associates with only one widespread fungal clade and 2) P. pusilla accociates with three fungal clades. On the other hand, all symbionts isolated from orchids belonging to the Oncidiinae sub-tribe, up to the present day, fall in the genus Ceratobasidium.
Co-occurring orchid species tend to use different fungal partners, consistent with their expected role in reducing competition for nutrients (Waterman et al. 2011) . Although without a broader sampling approach it is difficult to verify, we hypothesize that these two orchid species use different fungal partners as a strategy to succeed in the same environment. Therefore, the variation in levels of specificity and fungal preferences may be important to explain orchid coexistence.
Conclusions
The two epiphytic orchids belonging to the subtribe Oncidiinae showed different mycorrhization strategies. I. utricularioides associated with one clade of a widespread fungus of the genus Ceratobasidium. However, P. pusilla was shown to be more generalist by associating with three different clades of the same genus. The high affinity between the subtribe Oncidiinae and the genus Ceratobasidium was also reinforced. Our study highlights the significance of studying orchid mycorrhizal specificity and diversity for better understanding of orchid distribution.
